In this study, six strains of Prototheca isolated in China from human patients diagnosed as protothecosis and cows with mastitis were characterized by polymerase chain reaction (PCR) and nucleotide sequencing of the ribosomal RNA gene (rDNA) and by matrixassisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS). The results indicated that three strains isolated from the human patients were P. zopfii genotype 1, revealing the first cases of human protothecosis associated with P. zopfii genotype 1. The remaining three strains were shown to be P. zopfii genotype 2. Interestingly, one strain isolated from the cerebrospinal fluid of the human patient appeared to have both of the genotype 1-and 2-specific alleles in the small subunit (SSU) rDNA although it was classified by MALDI-TOF MS as genotype 2. For genotyping of certain strains of P. zopfii, it may be necessary to comprehensively evaluate the diversity in the SSU rDNA sequences and the MALDI-TOF MS results.
Introduction
Prototheca species are achlorophyllous algae ubiquitous in nature. 1, 2 Currently, eight species are included in the genus Prototheca; namely, P. wickerhamii, P. zopfii, P. blaschkeae, P. cutis, P. ulmea, P. stagnora, and newly added P. miyajii and P. tumulicola. [3] [4] [5] [6] [7] [8] [9] Among these, five species other than P. ulmea, P. stagnora and P. tumulicola have been shown to cause infection in humans. 8, [10] [11] [12] [13] Although human protothecosis is thought to be a rare disease, an increasing number of cases have been reported worldwide including China. of the isolated organism or pathological examination of the affected tissue. 11 However, the results were often indefinite, making the correct identification of the causative Prototheca species difficult. Recently, introduction of polymerase chain reaction (PCR) and nucleotide sequencing of the ribosomal RNA gene (rDNA) has facilitated species identification of Prototheca. [19] [20] [21] For P. zopfii and P. wickerhamii, discernible genotypes have also been documented based on the sequence differences in the small subunit (SSU) rDNA and the internal transcribed spacer (ITS), respectively. 6, 21 Furthermore, it has been shown that matrixassisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) exploited for microbial identification at clinical laboratories is useful for species identification and genotyping of Prototheca. [22] [23] [24] For example, re-evaluation by these molecular techniques of the Prototheca strain previously designated as P. wickerhamii led to a discovery of P. miyajii. 8 Therefore, detailed molecular characterization of previously isolated Prototheca strains may provide useful insights. In this study, four strains of Prototheca isolated in China from human patients diagnosed as protothecosis, [14] [15] [16] [17] as well as two other strains isolated from cows with mastitis, were characterized by PCR and nucleotide sequencing of rDNA and by MALDI-TOF MS.
Methods

Prototheca strains
Four Prototheca strains isolated in China from the patients with protothecosis and two strains from cows with mastitis were used ( 
Observation of morphological characteristics
For observation of colony morphologies, cells of each strain were streak-diluted on PDA and incubated at 25
• C for 7 days. For microscopic observation, small aliquots of the cells were taken from the agar plates and suspended in a drop of lactophenol cotton blue solution on a slide glass. Wet specimens were observed under a differential interference contrast microscope (BX51, Olympus, Japan) with the magnification of 600× . For detailed morphological characterization, photomicrographs of at least 10 independent fields were taken for each strain, and randomly selected sporangia and Dauer cells were examined.
DNA analyses
From Prototheca cells grown on PDA, genomic DNA was extracted with a Dr. GenTLE kit (Takara Bio Inc., Japan) according to the manufacturer's instruction. PCR was performed by using KOD Plus DNA polymerase for the D1/D2 region of the large subunit (LSU) rDNA. The PCR products were subjected to agarose gel electrophoresis for visualization.
Sequencing reactions were performed with a BigDye terminator cycle sequencing kit (Applied Biosystems) according to the manufacturer's instruction. The reaction products were column-purified (DyeEx 2.0 spin kit, Qiagen) and analysed with a PRISM 3130× genetic analyser (Applied Biosystems). For sequencing of the D1/D2 region, the PCR products and the PCR primers were used as the templates and the sequencing primers, respectively. As to strain BMU 03189, the PCR products of the D1/D2 region were cloned in pT7Blue (Novagen), and the sequences were determined by using the conventional M13 (-21) and RV primers.
For genotyping of the P. zopfii strains, the 3 region of SSU rDNA of each strain was amplified by PCR with proto18S-4f (5 -GACATGGCGAGGATTGACAGA-3 ) and proto18S-4r (5 -AGCACACCCAATCGGTAGGA-3 ) primers, 6 and the nucleotide sequences of the PCR products were directly determined by using the same primers. The nucleotide sequences determined in this study are deposited in GENBANK with the accession numbers of KX353630 through KX353638.
MALDI-TOF sample preparation and measurement
For obtaining the data to be added to the reference database, type strains of Prototheca were grown for 10 days on PDA at 30
• C (P. wickerhamii, P. zopfii, P.
blaschkeae, P. cutis, and P. miyajii) or 25
• C (P. stagnora and P. ulmea). Auxenochlorella protothecoides and Chlorella vulgaris were similarly cultured at 25
• C. The peptide extraction from the colonies was carried out according to the manufacturer's recommended protocol (Bruker Daltonics, Germany) with modifications as described previously 8 and spotted in octuplicate onto a MTP AnchorChip (Bruker Daltonics). After air drying, each sample was overlaid with 0.7 μl of α-cyano-4-hydroxycinnamic acid matrix solution. The MALDI-TOF measurement for the database generation was carried out in the linear mode by Microflex LT (Bruker Daltonics) in the automatic mode to obtain 24 spectra for each reference strain. Peaks in the m/z range of 2.0-20.0 kDa were detected using MALDI BioTyper RTC software (version 3.1; Bruker Daltonics) following base-line correction (TopHat algorithm) and smoothing (Savitzky Golay algorithm) of the peaks. The test samples were prepared and measured similarly except that the peptide-containing supernatants were spotted in duplicate for each strain. The data of the test samples were searched against the reference database to which spectral information of the Prototheca type strains and two other algal strains was added, and the MALDI Biotyper scores were calculated. A dendrogram was constructed from the MS data by using MALDI Biotyper OC software (version 3.1; Bruker Daltonics).
Phylogenetic analysis
Nucleotide sequences were aligned and trimmed by ClustalW and TrimAl (with the 'Automated1' option), respectively, at the Phylemon2 web site (http://phylemon2. bioinfo.cipf.es/index.html). The generated sequence data were subjected to the model test for selecting the best substitution model based on Bayesian Information Criterion (BIC) scores. According to the selected model, the phylogenetic trees were built by the Maximum Likelihood method with the bootstrap test (1,000 replicates). The model test and the phylogenetic tree generation were performed by using a Molecular Evolutionary Genetic Analysis (MEGA) software package (version 6.0; http://www.megasoftware.net/).
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Results
Identification of the examined Prototheca strains as P. zopfii
Strain HSH 11853 isolated from human lymph node was originally designated as P. zopfii var. portoricensis, 17 and BMU 01464 from the CSF as P. zopfii var. hydrocarbonea. 15 While the strains BMU 00709 and BMU 03189 from the skin lesion and the CSF, respectively, were both originally identified as P. wickerhamii, 14, 16 the designation of the latter has later been changed to P. zopfii var. hydrocarbonea based on additional data.
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Similar to the type strains of P. zopfii, all of these four strains, as well as Haushan 93851 and Huashan 93852 derived from cows with mastitis, formed shiny round colonies, which gradually grew larger than those of P. wickerhamii, losing the glossy appearance and bearing smooth to slightly jagged margins (Fig. 1) . Sporangia of the six strains examined were subglobose or ellipsoidal in shape. Occasionally, reniform sporangia were also observed (Fig. 1A-F) . The sizes of the six strains' sporangia were comparable to each other with the long and short diameters in the ranges of 8. (Fig. 1G, H) , but larger than those of round-shaped sporangia of P. wickerhamii with diameters in the range of 5.7 to 13.9 μm (Fig. 1I) . Sporangiospores of the six strains, as well as the P zopfii type strains, were arranged in a wheel-like structure or randomly in smaller and larger sporangia, respectively, and morphologically diverse (subglobose, oval, ellipsoidal, cylindrical, trapezoidal, cuneiform, or cuboidal in shape) with the sizes obviously larger than those of the sporangiospores of P. wickerhamii (Fig. 1) . As to the six strains examined, Dauer cells released from the sporangia were also diverse in shape (subglobose, ellipsoidal, reniform or sausage-shaped) and size with the long and short diameters up to 22.2 μm and 17.0 μm, respectively (Fig. 1A to  F) . Compared to the other strains examined, BMU 03189 appeared to contain a higher ratio of sausage-or cylindershaped sporangiospores and Dauer cells (Fig. 1D) . However, it is unknown whether the subtle differences in the morphology represent any biological significance. Phylogenetic tree of the D1/D2 region of LSU rDNA. Sequences shown in boldface with respective accession numbers were determined in this study. As to BMU 03189, sequences of molecular clones 1, 3, 4, and 6 were used. The evolutionary history was inferred by using the Maximum Likelihood method based on the Tamura 3-parameter model. 38 The tree with the highest log likelihood is shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches unless it is less than 50%. Initial tree(s) for the heuristic search were obtained by applying the Neighbor-Joining method to a matrix of pairwise distances estimated using the Maximum Composite Likelihood approach. A discrete Gamma distribution was used to model evolutionary rate differences among sites. The rate variation model allowed for some sites to be evolutionarily invariable. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The outgroup is Chlamydomonas reinhardtii, and the scale bar (0.1) is shown in the unit of base substitutions per site.
The results of PCR analysis of rDNA are shown in Supplementary Figure S1 , and the phylogenetic analysis using the sequences of the PCR-amplified D1/D2 region of the LSU rDNA confirmed that these six strains were classified as P. zopfii (Fig. 2) . Only for BMU 03189, direct sequencing of the PCR products of the D1/D2 region generated considerable ambiguity in sequence chromatograms (data not shown). Molecular cloning of the PCR products and sequencing of selected clones revealed the sequence polymorphism in BMU 03189's D1/D2 region (Fig. 2) .
MALDI-TOF MS analysis of the Prototheca strains
It has previously been shown that MALDI-TOF MS is a useful technology for identification of microorganisms including Prototheca spp. As to P. zopfii, MALDI-TOF MS has also been exploited for differentiation of genotypes 1 and 2. 23, 24, 30 When the four P. zopfii strains from human patients were analyzed by MALD-TOF MS, the spectra of HSH 11853, BMU 00709, and BMU 01464 were highly similar to that of SAG 2063 T , the type strain of P. zopfii genotype 1, while BMU 03189 generated the spectra which resembled that of SAG 2021 T , the type strain of P. zopfii genotype 2 (Fig. 3A) . Comparably, a dendrogram based on the MALDI-TOF MS data also demonstrated that HSH 11853, BMU 00709 and BMU 01464 were classified as P. zopfii genotype 1, whereas BMU 03189 was genotype 2 (Fig. 3B) . Consistent with the general consensus that only genotype 2 of P. zopfii is pathogenic in animals, 31, 32 strains Huashan 93851 and Huashan 93852 isolated from cows with mastitis were identified by MALDI-TOF MS to be genotype 2 ( Fig. 3A and B) , validating the protocols used in this study. Genotyping of the P. zopfii strains by nucleotide sequencing of the SSU rDNA
One of the sequence differences that discriminates genotypes 1 and 2 of P. zopfii is 5 -GGCCTTGGCC-3 and 5 -GGCTTTTGCC-3 , respectively, in the 3 region of SSU rDNA (Fig. 4A) . 6 In order to confirm the results of MALDI-TOF MS-based genotyping, the 3 region of SSU rDNA of the six P. zopfii strains, as well as the type strains SAG 2063 T and SAG 2021 T , was amplified by PCR, and the products were subjected to direct sequencing. Similar to SAG 2063 T , HSH 11853, BMU 00709 and BMU 01464 isolated from human patients had the 5 -GGCCTTGGCC-3 sequence specific to genotype 1 (Fig. 4B) . Intriguingly, the results of BMU 03189 showed ambiguity of C/T and G/T at two positions (Fig. 4B, arrowheads) , suggesting that this strain may have both of the genotype 1-and 2-specific alleles. The PCR and direct sequencing of the PCR products were also carried out on BMU 03189 cells obtained from two other independent colonies, generating the same results (data not shown). Since Huashan 93851 and Huashan 93852 isolated from cows with mastitis were unequivocally shown to share the genotype 2-specific sequence with the type strain SAG 2021 T (Fig. 4B) , the sequence ambiguity detected for BMU 03189 was unlikely due to an artifact.
Discussion
Although human protothecosis is thought to be rare, an increasing number of cases are reported. [10] [11] [12] This may partly be due to an increase in the patients with the underlying conditions, such as human immunodeficiency virus (HIV) infection and iatrogenic immunosuppression, which enhance the susceptibility to Prototheca infection. 11 It is also possible that improved awareness of protothecosis among the medical community, as well as development of molecular technologies for identifying Prototheca, has led to correct diagnosis of the cases, which may have been misdiagnosed before. While P. zopfii is mainly known as a pathogenic agent responsible for animal protothecosis, such as bovine mastitis, 33 it has also been shown to cause infection in humans. 12,13 P. zopfii was previously classified to three biotypes or so-called variants based on phenotypic characteristics. 34 In 2006, it was shown that different biotypes of P. zopfii strains differed in the SSU rDNA sequences, leading to the proposal that the P. zopfii, strains should be classified to two genotypes, 1 and 2, and a novel species P. blaschkeae. 6 This classification is now widely accepted and used for epidemiological studies, which have generated the consensus that genotype 2, but not genotype 1, of P. zopfii is pathogenic in animals. 31, 32 On the other hand, genotypic analysis of the P. zopfii strains isolated from human patients hasn't been performed except for one case report from Japan, which identified the isolated strain to be genotype 2. 13 Therefore, it has been understood by default that only P. zopfii genotype 2 is pathogenic in human as well. In this study, it was shown for the first time that human protothecosis manifested as granulomatous lymphadenitis, cutaneous protothecosis and meningitis could be associated with P. zopfii genotype 1 strains, such as HSH 11853, BMU 00709, and BMU 01464. Among these strains, BMU 01464, but not HSH 11853 or BMU 00709, was analyzed for the SSU rDNA sequence in the original case report. 15 The partial sequence data presented in the paper indicated the presence of 5 -GGCCTTGGCC-3 sequence, 15 which is now known to be characteristic to genotype 1. 6 While our identification of BMU 01464 as genotype 1 generated a concern that the unexpected result might be due to an artifact, the consistent sequence data in the previous study support the validity of our genotyping result. Since HSH 11853 and BMU 00709 were analyzed by the same procedure as used for BMU 01464, the conclusion that these strains are genotype 1 should also be reliable. Why can P. zopfii genotype 1 cause diseases in humans but not in animals? It has previously been shown that experimental infection of bovine mammary gland with a genotype 1 strain of P. zopfii leads to no clinical signs, while it can induce pathological changes, such as granulomatous lesions. 35 In humans, subtle subjective symptoms often trigger medical consultation. Therefore, it is possible that P. zopfii genotype 1 infection, which tends to be subclinical in animals, can be found more often in humans. Alternatively, three cases of P. zopfii genotype 1 infection revealed in this study may represent opportunistic infection, although no underlying conditions that could increase susceptibility to P. zopfii infection were explicitly documented. 14, 15, 17 It is also possible that certain strains of P. zopfii genotype 1 can be as pathogenic as genotype 2 in humans. Recently, difference in protein expression profiles between an environmental strain (genotype 1) and a pathogenic strain (genotype 2) has been reported, suggesting that it may be related to the level of virulence of P. zopfii. 36 Similar analysis of the strains examined in the present study may provide useful insights. The sequences 5 -GGCCTTGGCC-3 and 5 -GGCTTTTGCC-3 in the SSU rDNA are thought to represent the alleles characteristic to genotypes 1 and 2, respectively, of P. zopfii and exploited for designing the genotype-specific PCR primers. 6 In our study, the sequences of the SSU rDNA were compatible with the results of MALDI-TOF MS-based genotyping for five of six strains examined. Intriguingly, the SSU rDNA sequence of one strain, BMU 03189 identified by MALDI-TOF MS as genotype 2, was revealed to be polymorphic, suggesting that the strain has both of the genotype 1-and 2-specific alleles. The strain BMU 03189 was also unique because the D1/D2 region of the LSU rDNA was shown to be polymorphic as well. Since sexual reproduction is unknown for Prototheca spp., it is still unclear how the polymorphism was generated. Although BMU 03189 cells were examined after serial colony isolation procedures, the possibility cannot completely be excluded that the strain contained two populations of cells with the genotype 1-and 2-specific alleles, respectively, and that colony isolation failed to separate them from each other. In any case, our results suggest that the genotype of P. zopfii strains cannot simply be determined by the SSU rDNA sequences. The MALDI-TOF MS analysis has previously been applied for genotyping of P. zopfii. 23, 24 While this method is unable to detect the sequence polymorphism in the SSU rDNA, its results are thought to represent the sequences of the genes encoding ribosomal proteins and some housekeeping proteins, 37 providing additional information on the genetic characteristics. Therefore, it may be useful to comprehensively evaluate the diversity in the SSU rDNA sequences and the MALDI-TOF MS results for genotyping of certain strains of P. zopfii.
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